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Abstract 
This work presents an experimental and theoretical study to address the chemical reactivity of series of nitroxide radicals. For 
that purpose two physicochemical properties: the half-wave potential and the hyperfine coupling constants of the nitrogen nuclei, 
were analyzed. Experimental values are compared with electronic structure calculations at the BHandHLYP/6-311++G(2d,2p) 
level. E1/2 values were in good agreement with the adiabatic ionization potential when including the solvent effects by the Cramer 
and Truhlar Solvation Model. Preeliminar experimental electron spin deslocalization studies suggest that structural hindrance 
plays an important role in their deslocatization mechanism. 
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1. Introduction 
Secondary batteries are electrochemical devices for energy storage and conversion, in which released electrons by 
electrochemical reactions, can be transported from one electrode to other one in a charge/discharge cycle.1 This type 
of devices usually employ as electrode materials compounds derived from lithium-type spinels, layer oxides, 
polyanions or other structures composed of Ni, Co, Mn, Fe;1 however, technical shortcomings arise from their 
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instable structures, thus restricting their specific capacities for scale-up applications. For example, lithium ions, in 
spite of exhibiting good characteristics as conductivity and reducing agents, often tend to form dendritic deposits 
during the charging step, diminishing the coulombic efficiency in the device and limiting the lifecycle of the 
secondary battery.2  
As an alternative, electroactive organic units like nitroxide radicals can be used to design a new generation of  
polymer materials called organic radical polymers for organic-based functional batteries;3,4 nitroxide radicals are 
useful molecular carrier systems due to their chemical stability and electrochemical reversibility of their electron 
transfer processes. The constructed organic-based battery is kwon as organic radical battery (ORB)4-6. The 
electrochemical properties are the sum of the ET process of each radical monomer in the polymer material.3,4,7 
There are few reported systematic studies on the effect that molecular modifications could have in the 
electrochemical behavior of the monomeric units. Nakahara and coworkers analyzed the energies of SOMO orbitals 
respect to semiempirical calculations for a series of nitroxide radicals8 with the aim of predicting increases in 
potential in batteries where nitroxide radicals could be used as electrode materials. Nevertheless, these results 
showed a limited description of the experimental values. On the other hand, Coote and coworkers9,10 made a 
correlation between experimental E1/2 values and the ionization process using the thermodynamic cycle of Born-
Haber, followed by calculations considering the solvent effect over the optimized structures in the gas phase. They 
obtained a good agreement between the experimental E1/2 values and the calculated ionization energies, providing a 
general description of the reactive tend.11.  
From a chemical point of view, it would be suitable to obtain a detailed description of the specific role that 
chemical structures and their modifications play in the oxidation potential values. This is important for non-aromatic 
nitroxide radicals (for example, derivatives from PROXYL and TEMPO compounds), as the lack of a S system 
suggests that alternative pathways for communicating the electronic properties of the substituent into the nitroxide 
ring are used. Furthermore, this analysis should provide information on how does the substituent also affects the spin 
density of the system, due to the presence of unpaired electrons. The main suitable approaches are done by 
considering local and global descriptors of the chemical reactivity, in the framework of the Density Functional 
Theory.12,13 These approaches stand that reactivity can be described and studied by changes in the energy of a system 
as a response of changes in its electron number (N), at a given external potential, v(r) within this approximation the 
reactivity can be evaluated by means of the first and second derivative of the energy respect to the number of 
electrons at constant electrostatic potential, described as follows 
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Where P and K describe the chemical potential and the chemical hardness, respectively.14 The positive and 
negative signs (+ or -), point out that the right and left derivatives are different when evaluated at a given integer 
value of N and are correspondingly associated to the process of increasing and decreasing the number of electrons, 
respectively. On a local scale, site reactivity can be analyzed considering the Fukui function, or 
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Equations (1), (2) and (3) have been successfully used for describing the reactivity behavior of different chemical 
species.15,16 Therefore, in this work the electrochemical reactivity of a series of nitroxide radicals will be addressed 
by analyzing the role of the presence of the substituent groups in the molecular structure and their spin density 
changes.  
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Nomenclature 
CV cyclic voltammetry 
E1/2 half-wave potential 
ET electron transfer 
ESR electron spin resonance 
HFCCN  nitrogen atom Hyperfine Coupling Constants 
N total number of electrons in a system 
ߥሺ࢘ሻ fixed external potential 
ORB organic radical battery 
SOMO single occupied molecular orbital 
2. Experimental  
2.1. Chemicals 
Electrochemical studies were carried out using solutions 0.001 mol dm-3 of 2,2,6,6-tetramethylpiperidine-1-oxyl 
(1, Aldrich), 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (2, Aldrich), 4-carboxy-2,2,6,6-tetramethylpiperidine-
1-oxyl (3, Aldrich), 4-methacryloyloxy-2,2,6,6-piperidine-1-oxyl (4, Aldrich), 4-oxo-2,2,6,6-piperidine-1-oxyl (5, 
Aldrich), 3-carbamoil-2,2,5,5-tetramethylpyrrolidine-1-oxyl (6, Aldrich), 3-carboxy-2,2,5,5-tetramethylpiperidine-
1-oxyl (7, Aldrich), dissolved in acetonitrile (ACROS ORGANICS® extra-dry over molecular sieve, 99.99%), 
containing 0.1 mol dm-3 of tetrabutylammonium hexaflourophosphate (ACROS ORGANICS®, 98% A.R. grade, 
dried overnight at 100°C before being used) as suporting electrolyte (Figure 1). All chemicals were used without 
further purification during experiments.  
 
 
Fig. 1. Main structures of the studied nitroxide radicals 
2.2. Instrumentation 
Cyclic voltammetry was performed with an AUTOLAB PGSTAT-100 potentiostat/galvanostat. IR drop 
compensation was performed using a previously described procedure based on feedback measurements.17. A glassy 
carbon electrode (with a surface area of 0.07 cm2) was used as working electrode and was assembled into a three 
electrode-cell configuration. It was polished with 0.05 Pm diamond power (Buehler). The auxiliary and the 
pseudoreference electrodes were a platinum wire and a silver wire, respectively. Potential values were referenced to 
the ferrocene/ferricinium couple (Fc/ Fc+). Nitrogen of high-purity (Praxair, 99.99%) was passaged to decrease the 
dissolved oxygen into the sample atmosphere prior to carry out experimental CV scans. The CV measurements were 
performed with the scan rate of 0.1 V s-1. 
Additionally, electron spin resonance (ESR) spectroscopy were recorded by using an X-band ESR spectrometer 
with a rectangular cavity resonator TE102 (Bruker EMX Plus; 9.5 GHz). The samples were placed in commercial 
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cells to perform ESR experiments.18 The applied microwave frequency was of the X band (9-10 GHz) and the 
modulation amplitude was also varied. The cells were dried before each measurement. 
2.3. Electronic structure calculations 
GAUSSIAN09 Revision B.01 software was used for modeling the molecular structures of nitroxide radicals. 
Geometry optimization of neutral radicals and cationic compounds were computed using the framework of the 
Density Functional Theory. Optimized structures and theoretical values were calculated using the BHandHLYP/6-
311++G (2d,2p) model, according to the Gaussian Manual19 and the solvent effects were considered by the Cramer 
and Truhlar solvation model.20 All obtained frequency values, after geometrical optimizations, were analyzed to 
ensure that the optimized structures correspond to a minimum of energy. The absence of negative frequencies 
suggested that all the involved structures are minimum energy conformers. The used tolerance index was the 
established by the software.21 
3. Results and Discussion 
3.1. Electrochemical behavior of the studied nitroxide radicals 
Figure 2 shows the electrochemical behavior of some nitroxide radicals under study which has been investigated 
by cyclic voltammetry (CV) at 0.1 V s-1. 
 
Fig. 2 Cyclic voltammograms of 1 mM solutions of different 4-substituted TEMPO compounds in 0.1 M But4NPF6 / CH3CN, v = 100 mV s-1, 
WE: Glassy Carbon (0.07 cm2). 
Electron transfer oxidation process occurred by a one reversible electron transfer process in all studied 
compounds, where the oxidation step takes one electron from the neutral nitroxide radical to generate a cationic 
compound (oxoammonium cation) and the backward cathodic step regenerates the neutral radical. The 
electrochemical reaction is represented as 
x l NOReNOR  E1/2 (4) 
In Table 1 are reported the calculated half-wave potential (E1/2) for the studied compounds, all values were 
obtained at v = 0.1 V s-1. The radical compounds analysed can be divided into two classes: the first one includes all 
the compounds whose molecular skeletons are systems of 6-membered rings and the second one which have 5-
membered rings as molecular skeletons. These results suggested two important facts: I) the potential shifts tend 
through more positive values in all studied compounds, 1-7, and II) those potential variations increase for the steric 
hindered nitroxides (e.g. PROXYL, 6,7) and 4-oxo-TEMPO, 5, in which a non-aliphatic C=O bond is present . This 
behaviour has been observed in previous works,10,11 being the former more associated to the overall ring skeleton 
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than to the substituent group present,10 while the second fact is commonly related to the electronic properties of the 
substituent group.9,11,22 
To clarify these facts, a systematic study on the performance of several methods, for obtaining reliable values of 
physicochemical descriptors, were carried out using a variety of functionals within the DFT. Adiabatic ionization 
energies (IE) were calculated to describe the electrochemical oxidation reaction coupled to solvent polarization and 
relaxation processes as it is supposed to occur in real systems during electron transfer reactions. A fair correlation 
between the experimental E1/2 values with respect the obtained adiabatic ionization potentials considering the 
solvent effect at the BHandHLYP/6-311++G(2p,2d) level. The BHandHLYP was used for its high accuracy to 
describe the electrochemical behaviour of different chemical species.19,20,23 
Table 1. Experimental E1/2 values and calculated Ionization energies (IE) of the studied nitroxide radicals vs Fc/Fc+. 
Compound E1/2 (V) IE / eV R4   Compound E1/2 (V) IE / eV R3  
1 0.255 5.08 H  6 0.327 5.18 CONH2  
2 0.281 5.11 OH  7 0.371 5.23 COOH  
3 0.325 5.15 COOH       
4 0.350 5.17 CH2=C(CH3)CO2H       
5 0.423 5.29 =O       
The obtained results were in good agreement with the experimental data obtained. Currently, the results obtained 
for analysing the spin density show that these quantities vary significantly in hindered nitroxides (e.g. PROXYL, 
6,7), and in 4-oxo-TEMPO, 5, compared with the remaining more flexible structures. In future work, these 
properties will be further discussed. 
4. Conclusions 
This work presents an experimental and theoretical study to address the chemical reactivity of series of nitroxide 
radicals. For that purpose two physicochemical properties: the half-wave potential and the hyperfine coupling 
constants of the nitrogen nuclei, were analyzed. Experimental values are compared with electronic structure 
calculations at the BHandHLYP/6-311++G(2d,2p) level. E1/2 values were in good agreement with the adiabatic 
ionization potential when including the solvent effects by the Cramer and Truhlar Solvation Model. Preliminary 
experimental electron spin delocalization studies suggest that structural hindrance plays an important role in their 
delocalization mechanism. 
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